[Abstract] Arrays of short, singly-labeled ssDNA oligonucleotides enable in situ hybridization with single molecule sensitivity and efficient transcript specific RNA capture. Here, we describe a simple, enzymatic protocol that can be carried out using basic laboratory equipment to convert arrays of PCR oligos into smFISH and RAP probesets in a quantitative, cost-efficient and flexible way.
4. Finally, add X μl of 40 mM dye-NHS ester (see Note 4) . Mix well and incubate at RT for 2 h sealed from light.
5.
After the incubation, add 1.8X μl dH2O to expand the reaction volume to 4X μl. This results in a 5 mM stock of dye conjugated ddUTP (see Note 5) . The resulting labeled nucleotide is stable for over a year when stored at -20 °C.
B. Production of labeled ssDNA oligonucleotides (second pot, Figure 1B 9. Resuspend the dried pellet in 15-50 μl nuclease-free dH2O.
10. Measure the absorbance of the labeled oligonucleotide mix at 260 nm and at the dye absorption maximum (e.g., 570 nm for Atto565).
11. In order to calculate the concentration and the degree-of-labeling (DOL), measure the absorbance of the unlabeled, undiluted oligonucleotide mix at 260 nm. (see Note 8) 12. Calculate the molar extinction coefficient ( oligo) of the oligonucleotide mixture by dividing the measured OD260 nm value with the concentration of the mixture (in M). Increase this value by 9,000 mol -1 cm -1 to correct for the UTP added to the 3' of the ssDNA molecules.
13. Calculate the concentration of the labeled oligo by dividing the dye-corrected OD260 nm absorption by oligo:coligo = (OD260 nm -cf260 nm x ODdye)/ oligo (see Note 9) .
14. Calculate the concentration of the dye as follows: cdye = ODdye/ dye (provided by the dye manufacturer).
15. Typically, only a small fraction of the dye molecules is present as contaminants (i.e., free from ssDNA), therefore the DOL is estimated as follows: DOL = cdye/coligo.
16. The fraction of recovered oligonucleotides is assessed by taking the ratio of the recovered and initial amounts of the oligo (recovery% = coligo x Vresuspension/ninitial).
The measured OD values can be entered into the interactive probe_calculator.xls Excel sheet
(Supplementary File 2) to obtain the concentration and the DOL of the labeled oligonucleotide mixture.
18. Store the labeled probes at -20 °C.
D. Trouble-shooting of 3P 3 probe production Labeled oligo mixtures with 0.9 < DOL ≤ 1.0 are considered good quality products that can be used in smFISH applications.
1. The most typical cause of DOLs lower than 0.9 is the composition of the oligonucleotide mixture.
We currently lack an understanding of which property(s) of the mixture-e.g., formation of intraand intermolecular hybrids in the mixture-influence the labeling efficiency. However, if DOL < 0.9 is obtained, we recommend 'splitting' the oligo mixture into two-three non-overlapping fractions, i.e., preparing two-three mixtures of the ssDNA oligos present in the original mixture.
Individual labeling of these mixtures can help in identifying any molecules that behave extraordinarily in the labeling reaction. In most cases, we found that this 'splitting' almost completely alleviates the low labeling efficiency problem, i.e., the DOL of each of the split mixtures increases above 0.9.
2. Another solution we found was to re-label the already labeled oligonucleotide mixture, i.e., start over the labeling protocol from Step B2 using the labeled ssDNA molecules as input. (REF) 6. In the meantime, prepare 5 μl of each sample by mixing 3 μl 1.5x PAGE loading buffer (see Recipes) and 2 μl oligonucleotide mixture containing 15-60 pmoles of labeled oligo. As size marker use a dilution row of the unlabeled oligonucleotide mixture (e.g., 1.5, 3 and 6 pmoles), no boiling is necessary.
7. After the pre-run (E5), rinse all wells on the gel with 1x TBE using a P200 pipette to remove the accumulated urea that would prevent the loading.
8. Load the samples and run the gel until the xylene cyanol (blue) and the bromophenol blue (purple) markers (from the 6x gel loading dye) reach about the one-third and two-third of the gel length.
9. Image the fluorescently labeled pool of molecules on a gel-imager with appropriate filter sets to excite and detect the incorporated fluorescent dyes.
10. Incubate the gel with SYBR-GOLD (or similar RNA/ssDNA dye) diluted 1:10,000 in 1x TBE for 10-15 min.
11. Re-image the gel to detect both the non-modified and modified pools of ssDNA.
12. Due to the addition of a bulky terminator nucleotide, labeled oligonucleotides run slower and thus they are well separated from their non-modified peers during PAGE. The amount of nonmodified oligos can be measured by comparing the corresponding SYBR-GOLD fluorescence intensity to that of the dilution row of the unlabeled oligonucleotide mixture used as loading control ( Figures 2A and 2A' ).
13. The presence of unconjugated ddUTP will result in production of unlabeled, ddUTP-terminated 10. Pre-wash 3.75 µl magnetic Streptavidin beads per ml lysate with a 1:2 mix of lysis buffer and capturing hybridization buffer.
11. Add magnetic Streptavidin beads to lysate and keep rotating for 1 h at 37 °C.
12. Collect the beads using a magnetic rack.
13. Wash beads three times for 5 min at 37 °C with low salt wash buffer (see Recipes).
14. Wash beads two times for 5 min at 37 °C with high salt wash buffer (see Recipes). 
Data analysis
A. Determining specificity and sensitivity of smFISH 1. The rationale behind using an array of singly labeled probes to detect target transcripts is the local increase of signal on the specific RNA molecule-due to specific hybridization of the entire array-relative to the background resulting from e.g., random aspecific binding of individual probe molecules (Femino et al., 1998; Raj et al., 2008) . Consequently, most of the aspecificity appears as background that can be filtered out (e.g., by the xsPT plugin during Step 7 of this section). In extreme cases, however, the probes may accumulate in specific subcellular structures/organelles, mainly in the nucleolus. If this is observed, we recommend increasing the stringency of the hybridization and the subsequent two wash steps (Steps 10-15 of Procedure 3. Split the unlabeled ssDNA oligonucleotides into two non-overlapping arrays and label them with two spectrally distinguishable fluorophores-e.g., Atto532 and Atto633-as described in
Procedures B and C. (see Note 6) 4. Carry out an smFISH experiment-e.g., as described in Procedure F-using the two sets of probes simultaneously.
5. Acquire images of both fluorophores while avoiding cross-talk of the two channels-e.g., by
performing sequential scan during confocal scanning microscopy.
6. Optional: perform deconvolution on the resulting images to enhance signal to noise ratio and facilitate downstream analysis.
7. Analyze the overlap of the two signals e.g., by using the xsPT plugin of ImageJ (Gaspar and Ephrussi, 2017).
8. xsPT segments one of the channels (for more details, see Gaspar and Ephrussi, 2017) and performs tracking through an image sequence, e.g., a Z-stack allowing to recognize objects in 3D.
9. Set the parameters of the plugin to detect all-or at least most of-the objects in the reference channel (for details, please refer Video S4 and S5 of Gaspar and Ephrussi, 2017). In the tracking part, set a maximum displacement of 1 px (the center of an object is not expected to shift much between the slices), set 'Prefer short steps' and uncheck 'Manual tracking' (i.e., perform automated tracking). Let the plugin run.
10. RNPs-and other structures smaller than the diffraction limit-are expected to be observed in at least three consecutive slices when the image is four-fold over-sampled according to the modified Nyquist criterion (z-step size is typically between 180-300 nm). Remove trajectories that are shorter than three frames ('Min. trajectory = 3' and press 'Filter trajectories'). You may further filter the recognized objects by selecting a region of interest in the image and pressing 'Filter trajectories'.
11. Save the filtered trajectories. The integrated signal intensities of both the reference and any other channels will be stored in the resulting .csv file. Four of such .csv files (Supplementary Files 4-7) are provided as examples. These-and any user generated files-can be analyzed using the smFISH_analysis.R script (Supplementary File 3) .
12. Determine a detection threshold for the reference channel (e.g., the minimum or the lowest 0.1th percentile of the integrated signal intensity).
13. Repeat Steps A9-A12 using the other channel as the reference. This analysis results in independent measurements of the detection threshold for both channels.
14. Test what fraction of the objects of the non-reference channel has higher signal intensity than the corresponding detection threshold, which was determined in the parallel analysis. If this fraction is over 80% for both channels, the smFISH analysis is considered to be at single molecule sensitivity (low false negative detection) and highly specific (low false positive detection rate) ( Figure 3D ). 16. Plotting the signal intensities of the reference and the non-reference channel can give insight into the RNA copy number of the objects ( Figure 3C ). In case of single RNA molecules, the two signals are not expected to correlate well as they are primarily governed by stochastic events (e.g., the hybridization efficiency of the probes, Figure 3D ). If there are more than one copy of target transcripts in the objects, these stochastic events tend to average out yielding an improved linear relationship between the signals of the two channels which get stronger and stronger with the increase of the signal intensity.
B. Determining the efficiency and specificity of RNA capture 1. After RNA extraction, set up reverse transcription of the 0.1% input sample and eluted sample from the non-targeting and specific capture (see Note 15 ).
2. From the cDNA, make a dilution series of the 'input' (e.g., 0.1%, 0.01%, 0.001% and 0.0001%) and dilute 'captured' sample to at least ten-fold. Set up triplicates of qRT-PCR reactions to amplify the target transcript and other, abundant non-target RNAs (e.g., the 18S ribosomal RNA) from the 'input' dilutions and the eluted 'capture' samples using appropriate PCR primer pairs. 2. The smFISHprobe_finder.R script designs target specific antisense ssDNA oligonucleotides such that the terminal uracil nucleotide added during the labeling will become part of the hybrid.
Any large gaps (> the double of minLength) between such probes are further scanned for potential probes that do not satisfy this terminal U rule but satisfy the other search criteria.
Alternatively, the probe finder script can be used without the terminal U rule (lines 93-96 of smFISHprobe_finder.R script). Of note, we have found no adversary effect of a noncomplimentary uracil nucleotide during hybridization at the 3' end of the produced probes (data not shown).
www.bio-protocol.org/e2750 3. We found no practical differences between Amino-11-ddUTP or 5-propargylamino-ddUTP regarding dye conjugation and enzymatic incorporation of the resulting terminator nucleotide (Figure 2 ).
4. We found that BDP-FL-NHS ester is quite hydrophobic and requires higher organic solvent concentration. When using this dye, add 1.8x DMSO before slowly titrating in the dye in Step A4 and skip Step A5. If precipitation occurs add more DMSO and calculate the final concentration accordingly.
5. Originally, we added Tris-HCl, pH 7.5 to a 10 mM final concentration to quench the remaining NHS ester activity. However, we found no adverse effects of omitting this quenching step on the downstream enzymatic reaction.
6. Although all oligonucleotides targeting the same transcript could be combined in one mastermix, we recommend preparing at least two non-overlapping mixtures, e.g., by combining every other oligonucleotides, by splitting them into 5' and 3' halves or grouping them by oligonucleotide length. Label these mixtures separately-this will facilitate troubleshooting, i.e., when the low degree of labeling is observed (Procedure E) and also allows benchmarking the smFISH performance (Procedure G). We typically order the oligos resuspended in H2O to 250 μM concentration.
7. To facilitate drying, make sure that all residual ethanol is removed from the walls of the tube by a quick pulse of centrifugation after removing the bulk of the supernatant. is to be preserved these steps should be omitted. In case of oskar mRNA, we found a minuscule effect of omitting these steps on the hybridization results.
11. The final probe concentration we use is between 1-2.5 nM/probe. We find that lower concentrations may impair the sensitivity of the reaction while higher concentrations-although rarely they may cause staining artifacts-do not affect the quality of the hybridization but result in unnecessary waste of material.
12. We found that 80% TDE boosts the brightness of GFP and red fluorescent proteins without affecting the signal of Atto565 and Atto633. However, the green and yellow fluorescent dye are substantially dimmer in this mounting medium and thus we recommend using e.g., VectaShield.
www.bio-protocol.org/e2750 14. The probe concentration should be adjusted depending on the amount of RNA present in your sample. We estimated the amount of the desired target RNA by qRT-PCR or Northern blot together with known standards of target RNA.
15. Make sure not to oversaturate the RT reaction. The maximum volume is determined by the concentration of the 'input' sample.
16. We recommend changing only one parameter at a time. It is a good practice to include the original value and two-three modified values of the parameter in these optimization steps. We find that once the listed parameters are optimized for the specimen, they are an excellent starting point for all smFISH reactions performed with yet uncharacterized probe sets, and in 95% of the cases those parameters provide good quality results.
17. However, 'aspecificity' that arises from (partial) complementarity of a large fraction of the probe array to another transcript(s) may result in signal indistinguishable from that produced by the specific hybrids. This phenomenon can be only tested in control samples that lack the RNA-tobe-detected (RNA null mutants or efficient RNAi knock-downs). Since these control samples are not readily available in most cases, we recommend BLAST-ing the probe sequences against the host transcriptome during the design phase (before starting Procedure B) to rule out such cryptic targets.
18. If an already tested and proven-to-work probe set results in such low sensitivity hybridization, the cause is likely nuclease contamination in one of the buffers. In such a case, it is recommended to replace all buffers used for the hybridization. 
